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Direct visualization and functional characterization of 
Gar2 Nucleolin -G-quadruplex interactions   

 

Ajay Kumar,a and Nasim Sabouri,a b c  

We demonstrate that Gar2Nucleolin, a conserved nucleolar protein 

required for ribosome biogenesis in Schizosaccharomyces pombe, 

interacts with both DNA and RNA G-quadruplexes (G4s), and 

destabilize DNA G4 structures. Using biochemical assays and, G4-

immuno-electron microscopy, we directly visualize Gar2’s 

interaction with G4s at high resolution. Our findings establish Gar2 

as a novel regulator of G4 dynamics, expanding the role of nucleolar 

proteins in shaping genome architecture. 

Guanine (G)-rich sequences in nucleic acids can adopt stable 
non-canonical four-stranded structures known as G-
quadruplexes (G4s). G4s are composed of stacked G-quartets 
stabilized by Hoogsteen hydrogen bonding and π-π 
interactions1. Monovalent cations particularly K+, further 
enhance G4 stability by coordinating with G bases2. Sequences 
with potential to form G4s are evolutionary conserved and 
enriched in regulatory genomic regions such as telomeres, 
promoters, ribosomal DNA (rDNA) and untranslated regions 
(UTRs), where they influence processes including DNA 
replication, transcription, translation, and epigenetic 
regulation3. Dysregulation of G4s is associated with various 
pathologies, including neurodegenerative diseases (e.g., ALS)4, 
cancers 5, cardiovascular disorders6 and viral infections as G4s 
are also present in key viral genes7. 

G4 dynamics are regulated by environmental factors such as K+, and  
Na+ ions8, chromatin structure9, and protein interactions10. G4-
binding proteins (G4BPs) are broadly categorized into those that bind 
DNA and RNA G4s, and can function as recruiters or effectors. 
Recruiters, such as SP1, binds G4 sites and regulate gene expression 
by facilitating binding of transcription factors at G4 sites11. Effectors 
either stabilize (e.g., Nucleolin (NCL))12 or destabilize (e.g. hnRNPA1) 
G4 structures13, often through conserved domains such as arginine-
glycine repeats (RGG motifs), and RNA recognition motifs (RRM)14. 

While numerous G4BPs with these motifs have been characterized 
in mammalian systems, their counterparts in unicellular eukaryotes 
remain largely  unexplored15, limiting our understanding of 
conserved principles of G4 regulation. To address this gap, we 
investigated potential G4BPs in the fission yeast 
Schizosaccharomyces pombe and identified Gar2 as a candidate, a 
conserved nucleolar protein essential for ribosome biogenesis and 
homologous to human NCL, a well-characterized G4BP with four 
RRMs and an RGG16, 17. Structural analysis of NCL in complex with 

the c-MYC G4 demonstrated that all four RRMs cooperate in high-
affinity G4 recognition17. Notably, NCL is frequently overexpressed in 
cancer, where it has been linked to G4-mediated regulation of 
oncogene expression18.  

We systematically dissected the G4-binding properties of full-length 
Gar2 and its domain-deletion variants. Importantly, we introduced 
BG4-immuno-electron microscopy (IEM) as a novel strategy to 

a. Department of Medical Biochemistry and Biophysics, Umeå 90187, Sweden 
b. Science for Life Laboratory, Umeå University, Umeå, Sweden 
c. Corresponding E-mail: nasim.sabouri@umu.se 
 

Figure 1. Visualization of G4s and Gar2. (A) Immunofluorescence microscopy 
demonstrates colocalization of Gar2 with G4s. Top row: single-label images of nucleus 
(DAPI, blue), G4s (red), and Gar2 (green). Middle row: merged images of Gar2/G4s, 
nucleus/Gar2/G4s, and brightfield overlay. Bottom row: magnified regions (magenta 
boxes); colormap (nMDP) depicts color bar for colocalization intensity. (B) Scatter plot of 
G4 and Gar2 pixel intensities from cells shown in (A). (C) Immunoelectron microscopy 
demonstrates colocalization of Gar2 (10 nm gold) and G4s (15 nm gold); yellow arrows mark 
proximity, inset shows amplified view of a region. Abbreviations: N=nucleus, 
M=mitochondria, V=vacuole, CM=cell membrane, CW=cell wall. (D) Table: average distance 
from colocalization events (N=50). (E) Violin plot showing distribution of colocalization 
percentages of Gar2 and G4s across two biological replicates. Dots = individual cells. 
Statistics: one-way ANOVA, Tukey's multiple comparisons test; P-values indicated.  
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directly visualize and spatially resolve G4–Gar2 interactions at high 
resolution. Our data demonstrate that Gar2 binds both DNA and RNA 
G4s. Further we show that Gar2 destabilizes G4 DNA structures 
indicating a previously uncharacterized role for Gar2 in G4 biology 
and suggesting an expanded function for nucleolar proteins in 
regulating genome architecture in S. pombe. Unlike its homolog NCL, 
which stabilizes G4s, Gar2 promotes G4 destabilization, highlighting 
species-specific and context-dependent mechanisms of G4 
regulation. 
To investigate whether Gar2 interacts with G4s in vivo, we examined 
its subcellular localization with G4 structures in S. pombe. To visualize 
Gar2 in vivo, the endogenous gar2 gene was C-terminally tagged with 
a 3×HA (hemagglutinin) epitope (Gar2-HA) by homologous 
recombination (for details, see Supporting Information).  Using Gar2-
HA cells (Fig. S1), we performed immunofluorescence microscopy 
combined with BG4 antibody staining, which recognizes both DNA 
and RNA G4s  (Fig. S2)19. While G4 formation in S. pombe has been 
detected by ChIP, G4 visualization by microscopy has not been 
reported20-22. BG4 staining was observed in both the nucleus and 
cytoplasm, with greater intensity in the nucleus (Fig. S2A). Treatment 
with DNaseI and RNase A confirmed the specificity of BG4 staining 
(Fig. S2B, C). Gar2 predominantly localized in the nucleolus, 
consistent with previous reports (Fig. S2D)23, and showed strong 
nuclear colocalization with BG4 signals (Fig. 1A). Quantitative 

colocalization revealed a Pearson’s correlation coefficient of 0.7. 

Mander’s coefficients indicated that 56% of the G4 signal overlapped 
with Gar2, while 97% of Gar2 signal overlapped with BG4 signal (Fig. 
1B). This approach enabled direct visualization of Gar2–G4 
colocalization and suggest that Gar2 is predominantly localized to 
G4-containing regions, but that these are only a subset of all G4s in 
cells. 
To further examine the spatial relationship between Gar2 and G4s in 
vivo, we employed BG4-IEM to achieve nanometer-scale 
colocalization analysis in S. pombe. IEM approaches have previously 

been used to detect viral G4s in cells using the 1H6 antibody24, a 
monoclonal antibody that recognizes G4s25, supporting the feasibility 
of ultrastructural G4 visualization. As BG4 had not previously been 
applied in IEM, we first optimized and validated its suitability (Fig. 
S3A, B). Omission of BG4 produced no background staining (Fig. S3B), 
confirming the specificity of the gold-conjugated secondary 
antibodies. BG4 staining showed nuclear and cytoplasmic 
localization (Fig. S3A), HA staining was specific to the Gar2–HA strain 
(Fig. S3C) and absent in the wild-type no epitope-tag control (Fig. 
S3D). Dual labeling with BG4 and anti-HA antibodies revealed clear 
nuclear colocalization of Gar2 and G4s (Fig. 1C). Representative IEM 
images at different magnifications are shown in Fig. S4. Analysis of 
individual colocalization events demonstrated a mean Gar2–G4 
distance of 11 ± 3.8 nm, which is well within the proximity ligation 
assay detection range (~40 nm)26 (Fig. 1D). Quantitative analysis of 
30 cells from two biological replicates confirmed the reproducibility 
of Gar2–G4 association, with 7.91 ±0.2% (p = 0.0002) of G4s 
colocalizing with Gar2 and 32.66 ± 1.04% (p = 0.0009) of Gar2 
colocalizing with G4s (Fig. 1E), indicating Gar2 enrichment at a subset 
of G4-containing sites, consistent with the immunofluorescence 
analysis (Fig. 1A). Immunofluorescence analysis of cells of varying 
lengths (a proxy for cell cycle stages) showed Gar2–G4 colocalization 
across the examined population (Fig. S5). While not based on 
synchronized cultures, these observations suggest that the 
interaction is not confined to a single cell cycle stage.  
Gar2 has a highly charged N-terminus which likely mediates 
interactions with nucleolar proteins involved in ribosome biogenesis. 
Its C-terminus contains two RRMs and an RGG motif. Pairwise 
sequence alignment revealed 26.18% identity between Gar2 and NCL 
(Fig. S6). Although sequence identity is moderate, domain folding is 
conserved according to Alphafold predictions, with RRM domains 
preserved across these proteins (Fig. S7A). The maximum alignment 
was observed across RRM1 of Gar2 and RRM3 of NCL (Fig. S7B). Core 
regions align excellently (RMSD 0.712 Å across 57 pruned Cα pairs), 

Figure 2. Gar2 binds G4 structures. 
(A) Schematic of Gar2 domains (B) 
CD spectra of rDNA G4 and rDNA 
M4 oligonucleotides; mutated 
nucleotides underlined and in red. 
(C) EMSA shows Gar2 binding to 
Cy5-labeled rDNA G4 and rDNA M4. 
(D) Circular dichroism spectra of 
NRAS G4 RNA and NRAS M4 RNA 
oligonucleotides; sequences as in 
(B). (E) EMSA shows Gar2 binding to 
Cy5-labeled NRAS G4 and NRAS M4 
RNA. (F, G) Quantification of Gar2 
affinity towards rDNA, rDNA M4, 
NRAS G4 (rG4) and NRAS M4 (rM4) 
oligonucleotides by MST (two 
replicates, EC50 by Hill equation). 
(H) Competitive EMSA shows Gar2 
prefers rDNA G4 over rDNA M4. (I) 
Fraction of bound probe quantified 
from EMSA gels in (H), plotted as 
percent bound vs competitor 

concentration. 
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with blue regions indicating high structural conservation (Fig. S7C). 
Flexible linkers and missing residues (lime green) account for 
elevated overall RMSD (55.2 Å) This selective conservation supports 
shared rRNA binding function. 
To validate the direct and specific binding of Gar2 to G4s, we 
performed in vitro assays using purified full-length Gar2 protein (Fig. 
S8). To examine Gar2–G4 interaction, we performed electrophoretic 
mobility shift assay (EMSA) with Cy5-labeled DNA oligonucleotides 
using a previously characterized G4 from the rDNA region of S. 
pombe genome and a mutated counterpart (rDNA M4) as a non-G4 
control. Circular dichroism (CD) spectroscopy analysis confirmed that 
Cy5-rDNA-G4 forms a parallel G4 structure with a positive peak ~260 
nm and that Cy5-rDNA-M4 do not form a G4 structure (Fig. 2B). Gar2 
binds both substrates in a concentration-dependent manner but 
binding to rDNA M4 was significantly weaker than rDNA G4 (Fig. 2C), 
suggesting that Gar2 has higher affinity for the G4 structure. 

To assess whether Gar2 recognizes RNA G4s, we tested a well-
characterized RNA G4 from the human NRAS gene (NRAS G4) and its 
mutated non-G4 RNA control (NRAS M4). The NRAS substrate was 
used to assess structure-dependent rather than sequence-specific 
recognition by Gar2. CD analysis confirmed a parallel topology for 
NRAS G4, while the NRAS M4 did not form a G4 structure (Fig. 2D). 
EMSA demonstrated strong, concentration-dependent Gar2 binding 
to NRAS G4, while NRAS M4 binding was markedly reduced (Fig. 2E), 
indicating a clear preference for the structured RNA. Binding 
affinities were further quantified by microscale thermophoresis 
(MST). Gar2 bound rDNA G4 and rDNA M4 with EC50 values of 
656 ± 67 nM and 1054 ± 273 nM, respectively. For NRAS G4 and 
NRAS M4, EC50 values were 162 ± 21 nM and 289 ± 83 nM, 
respectively (Fig. 2F, G). Although the difference in EC₅₀ values 
between NRAS G4 and NRAS M4 was more modest than suggested 
by EMSA, both approaches consistently indicate preferential binding 
to RNA G4 structures. Together, these results suggest that Gar2 binds 
RNA more strongly than DNA, with an overall preference for RNA G4s 
over DNA G4s. These findings are in line with previous reports 
describing NCL’s higher specificity for RNA G4s compared to DNA 
G4s27. 

To further validate specificity between G4 and non-G4, we 
performed a competitive EMSA using 32P-labeled rDNA G4 (1 nM) 
and 80 nM Gar2 protein. Increasing concentrations of unlabeled 
rDNA G4 or rDNA M4 were used as competitors. Unlabeled rDNA G4 
effectively competed at 10 nM (10-fold excess), whereas rDNA M4 
failed to compete even at 250 nM (250-fold excess), confirming 

Gar2's specificity for G4 structures (Fig. 2H and I).  

To assess Gar2’s specificity for different G4 sequences, and to 
determine whether its recognition is driven by general structural 
features of G4 DNA or influenced by sequence context, we selected 
three well-characterized G4-forming sequences, Pu24T c-MYC, 
(G4C2)4, and 24TTG hTel. CD spectroscopy verified G4 formation 
under our experimental conditions (Fig. S9A). EMSA demonstrated 
similar Gar2 binding to Pu24T and (G4C2)4, but lower than rDNA G4 
(Fig. S9B and Fig 2C). MST analysis revealed similar binding affinities 
to the Pu24T c-MYC and the (G4C2)4, whereas binding to 24TTG hTel 
could not be reliably quantified (Fig. S9C). These findings indicate 
that Gar2's affinity, similar to NCL28, 29, varies not only between DNA 
and RNA, but also with different G4 sequences. 
To dissect the contribution of individual domains, we cloned and 
purified two Gar2 truncation mutants, R1R2RGG (Gar2 lacking the N-
terminus) and R1R2 (lacking both the N-terminus and RGG motif) 
(Fig. S8D, E, and Fig. S10A). EMSA with Cy5-rDNA G4 showed that 
R1R2RGG retained G4 binding, but with reduced efficiency compared 
to full-length Gar2 (Fig. S10B). Its interaction with the non-G4 rDNA 
M4 was also weakened, implying that the N-terminus, though 
intrinsically disordered, enhances nucleic acid binding but is not the 
primary determinant of G4 specificity (Fig. 2C, S10B, S10C).  In 
contrast, the R1R2 mutant displayed negligible binding to either 
rDNA G4 or rDNA M4 across the tested concentration range (Fig. 
S10D and E). Only at very high concentrations a faint shifted band 
was observed (data not shown), indicating that the RGG domain is 
critical for efficient binding to both G4 and non-G4 substrates.  

Building on known G4-protein interactions in S. pombe,  where 
arginines in RGG motifs of Ded1 and Dbp3 are critical for G4 
interactions15, and in NCL, where phenylalanines are important for 
G4 interactions16 , we generated two RGG mutants: R>A mutant 
(arginines to alanines), and F>A mutant (phenylalanines to alanines) 
(Fig. S10F; Fig. S8B, C and E). Quantitative EMSA analysis using 32P-
end labeled rDNA G4 showed that wild-type Gar2 binds rDNA G4 with 
high affinity (apparent Kd = 5.7±2.6 nM). The F>A mutant displayed 
only a modest reduction in affinity (apparent Kd = 8.1±2.1 nM), 
indicating that, unlike N-terminus truncated NCL16, phenylalanines in 
full-length Gar2 are not major contributors to G4 binding. In contrast, 
the R>A mutant exhibited weaker interaction with rDNA G4 
(apparent Kd = 21.3±10 nM), indicating the arginine residues in RGG 
are critical for G4 recognition (Fig. S10G). Together, our results 
demonstrate that Gar2 requires both its RRMs and RGG motif to bind 

Figure 3. CD spectra of (A) rDNA G4 and (B) c-MYC G4 oligonucleotides titrated with full-
length Gar2 protein. (C) CD spectra of c-MYC G4 oligonucleotide with R1R2RGG and R1R2 
variants. GraphPad Prism was used to smoothen the curves. The sequences of the 
oligonucleotides are indicated on the top of each graph. 

Figure 4. Gar2 unfolds rDNA G4. (A) Schematic illustration of the G4 unwinding trap 
assay. (B) The G4 unfolding assay was performed in the presence of trap oligo 
complementary to rDNA G4. Unfolding was analyzed by loading aliquots from different 
time intervals onto a PAGE gel. (C) The amount of unfolded G4 was quantified from two 
independent experiments by measuring band intensities using imageJ. The average 
amount was fitted according to one-phase association function. The k values represent 

the mean  ±SE from two independent experiments. 
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G4s effectively, with arginines in the RGG playing important roles. 
Consistently, genetic analyses of the NCL homolog Nsr1 in 
Saccharomyces cerevisiae confirm the necessity of the RGG motif for 
G4 interaction30.  

To investigate the functional outcome of Gar2-G4 interaction, we 
performed CD analysis using rDNA G4 and c-MYC G4 as substrates. In 
the absence of Gar2, both G4s exhibited characteristic spectra of 
parallel topology, with a prominent positive peak at ~260 nm. Upon 
increasing Gar2 concentrations, the amplitude of this peak 
decreased for both G4s (Fig. 3A, B), indicating structural alterations 
consistent with G4 binding and suggesting partial G4 destabilization. 
Furthermore, CD spectra revealed that the R1R2RGG mutant induced 
similar spectral changes in c-MYC G4 as the full-length Gar2, whereas 
the R1R2 mutant had no significant effect (Fig. 3C). These findings 
further confirm the role of the RGG motif in binding the G4. 

To directly assess whether Gar2 promotes G4 unfolding, we 
employed a G4 destabilization assay using Cy5-rDNA G4 as 
substrate15, 31. In this assay, a complementary ‘trap’ oligonucleotide 
was included to capture unfolded G4 and prevent G4 refolding, 
enabling measurement of protein-induced G4 destabilization. In this 
setup, spontaneous G4 unfolding is typically slow, but can be 
accelerated by the presence of a G4-destabilizing protein (Fig. 4A). 
Our data demonstrated that Gar2 increased the rate of G4 unfolding 
compared to the trap only control (Fig. 4B), with apparent G4 
unfolding rate constants (k) of 0.86±0.43 min−1 for Gar2 and 
0.23±0.09 min−1 for trap only (Fig. 4C). These results suggest that 
Gar2 facilitates G4 destabilization in vitro. Notably, Gar2’s G4-
destabilizing activity stands in contrast to the reported G4-stabilizing 
function of human NCL32, despite both proteins containing conserved 
RRM and RGG motifs. Recent findings with truncated NCL 
R1R2R3R4RGG indicate a slight destabilizing effect on the BCL2 G4, 
which is enhanced in RGG mutants where phenylalanine residues are 
mutated to alanine16, suggesting that NCL family members may 
exhibit diverse effects on G4s depending on sequence context. In 
both S. pombe and S. cerevisiae, G4 motifs are found exclusively on 
the non-transcribed strand of rDNA20, 33. In this context, we speculate 
that Gar2 contributes to nucleolar RNA regulation and G4 dynamics, 
thereby supporting ribosome biogenesis in S. pombe. By resolving 
G4s within rDNA and pre-rRNA, Gar2 may facilitate RNA Polymerase 
I transcription and pre-rRNA processing, potentially contributing to 
efficient ribosome biogenesis. Notably, this contrasts with the 
human homolog NCL, which has been reported to bind and stabilize 
G4 structures, suggesting a potential functional divergence in G4 
regulation within the family. Together, these findings support the 
concept that G4 regulation is both species-specific and context-
dependent, with nucleolar proteins adopting distinct functional roles 
in modulating G4 stability across evolutionary systems.  

In conclusion, our study establishes Gar2 as a novel G4-destabilizing 
protein in fission yeast, revealing a previously unrecognized 
mechanism by which nucleolar proteins can modulate G4 structures. 
These findings not only expand our understanding of G4 biology in 
unicellular eukaryotes but also suggest that the functional diversity 
of NCL family proteins in G4 regulation may be broader than 
previously appreciated. Our data further indicate that both RRMs 
and the RGG motif are critical for efficient G4 recognition, while the 
intrinsically disordered N-terminal region enhances binding, 
highlighting the need for structural studies of full-length Gar2 and 
other NCL homologs to clarify domain-specific contributions. Finally, 
future analyses of Gar2 will be important for deciphering the 
molecular logic underlying G4 recognition and remodeling, and for 
understanding how nucleolar processes are integrated with genome 
architecture through G4 dynamics.  
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